High crystalline quality Mn 5 Ge 3 films with thicknesses ranging 4-200 nm have been grown on Ge(111) substrates by solid phase epitaxy. The basal hexagonal plane of Mn 5 Ge 3 is in epitaxy with the Ge(111) plane. Magnetic properties of the films have been investigated as a function of the film thickness and the magnetization curves have been analyzed using a theory that includes a description of magnetic domains in uniaxial thin films. The results clearly indicate the existence of a critical thickness below which the magnetic stripe phase disappears. We have determined the value of this thickness to lie between 10 and 25 nm from the analysis of experimental magnetization curves and the theoretical fit of the in-plane remanent magnetization. Although analogies can be drawn between the behavior observed in our system and that of hcp Co, we have shown that the critical thickness is considerably smaller in Mn 5 
I. INTRODUCTION
As device miniaturization reaches technological limits, 1 adding spin degree of freedom to the electron into conventional electronics appears as a promising solution. One approach to develop such spin-based devices relies on the ability to electrically inject spin-polarized carriers from ferromagnetic materials into semiconductors. Research dealing with group-IV semiconductors represents a particular interest since it allows us to integrate spintronics devices into the existing Si technology. Germanium, thanks to its small band gap and its high mobility, is believed to lead to a new generation of devices having high-speed data processing, high-density integration, and low power consumption. 2 In addition, its long spin coherence time is of great advantage for innovative spintronic devices. Recently the injection of a spin polarized current into Ge through a tunnel junction [3] [4] [5] has been successfully demonstrated. However, avoiding the insulating layer between the Ge and the ferromagnet (FM) will be required for the realization of gate-tunable spin devices. 6 Therefore achieving epitaxial growth of high quality FM directly on Ge is an important challenge for the development of spin electronics.
Materials with perpendicular magnetic uniaxial anisotropy are of particular interest 7 because of their applications in both emerging spintronics and next-generation data-storage technologies. Among them, Co and Co-based alloys such as CoPt are the most prominent candidates. However, their direct growth onto Ge is hindered by the fact that they are prone to form germanides at the interface that are not ferromagnetic. In this context, the ferromagnetic compound Mn 5 Ge 3 is an appealing candidate because it is possible to grow high quality epitaxial layers directly onto Ge. 8 Furthermore, its Curie temperature (296 K) can greatly be enhanced by carbon addition 9 and the resulting materials were shown to display remarkable thermal stability. 10 Finally, its high spin polarization 11 has potential for spin-based devices. During the last decades, the physical properties of this compound have been largely investigated. 8, [12] [13] [14] In a recent paper, 15 we have shown that for a film thickness smaller than 10 nm, the shape of the hysteresis loops measured in plane and out of plane clearly indicated that the direction perpendicular to the film surface is a hard axis and the easy axis of magnetization lies in the hexagonal basal (001) plane. When increasing the film thickness, the squareness of the in-plane hysteresis loop was found to decrease and the magnetic field required to saturate increased. However, due to a lack of experimental data, in particular in the small range of film thicknesses, the behavior of the magnetic anisotropy of the films could not be fully determined and the film thickness at which a transition from the in-plane to the out-of-plane magnetizations occurs still needs to be found out.
In this paper, we report a systematic study of magnetic properties of high quality Mn 5 Ge 3 with a thickness ranging from 4 to 200 nm. In particular, we have focused on the magnetic properties of films with thicknesses below 25 nm. We clearly demonstrate that the magnetization direction changes from in-plane for very thin films to a multidomain structure with out-of-plane direction for thicker samples. The hysteresis curves for a 16-nm-thick layer already show evidence of a magnetic reorientation along the c axis, proving that the critical thickness for the transition is below 20 nm. Moreover, for a 25-nm-thick layer a clear signature of a multidomain structure with perpendicular orientation is visible. All the results are supported by an improved version of Kittel's model for stripe domains that includes an accurate description of domain walls and accounts for the influence of the layer thickness on the magnetostatic energy. Despite analogies between the magnetic behavior observed in our system and that of hcp cobalt thin films, some noticeable differences are pointed out. In particular, the critical thickness in Mn 5 Ge 3 is much smaller than that of Co, 16 which opens new domains of applications for Mn 5 Ge 3 thin films in magnetic recording or spintronics.
II. EXPERIMENTAL DETAILS
Mn 5 Ge 3 films with thicknesses ranging 4-200 nm were grown onto Ge(111) substrates in a molecular beam epitaxy (MBE) system with a base pressure less than 10 −10 Torr. Before deposition, the substrates were chemically and thermally cleaned as explained in Refs. 17 and 15. The films were grown via solid phase epitaxy (SPE), which consists of depositing Mn at room temperature and then annealing at 450
• C to activate interdiffusion and phase nucleation. We systematically checked the Mn deposition rate with a quartz crystal microbalance before starting the growth whereas Ge flux was determined from reflection high-energy electron diffraction (RHEED) intensity oscillations.
Mn 5 Ge 3 growth was monitored in situ using a RHEED technique and Auger electron spectroscopy (AES). We performed structural analyses of post-grown films by means of high-resolution transmission electron microscopy (HRTEM) using a JEOL 3010 microscope operating at 300 kV with a spatial resolution of 1.7Å. TEM enables us to directly measure the overall alloy thickness after annealing, which is proportional to the amount of Mn deposited and the nominal concentration of Mn 5 Ge 3 . The average value and the associated error bar that we report in this paper were determined from a set of different images taken on the same sample. The thickness dispersion originates from the surface roughness of the film, which increases with thickness. Typical growth conditions determined that the roughness is less than 1 nm for thin film ( 40 nm) and about 3 nm for thicker epilayers. Magnetic properties of the films were probed with a Quantum Design superconducting quantum interference device (SQUID) magnetometer and for all the results reported in this paper, the diamagnetic contribution coming from the Ge substrate has been subtracted leaving only the magnetic signal coming from the Mn 5 Ge 3 films.
III. RESULTS AND DISCUSSION

A. Structural characterizations
We monitored surface structures of the grown films using RHEED. The observed patterns are identical throughout the range of thicknesses that we studied; they show a smooth surface with a (
• reconstruction, as shown in the inset of Fig. 1 17 We confirmed these epitaxial relationships by HRTEM measurements. For thin films, which are defined as less than a few tenths of nm, HRTEM images reveal a heterostructure of very high crystalline quality with an atomically sharp interface, as shown in the case of a 4.5-nm-thick epilayer [ Fig. 1(a) ]. As the film becomes thicker, the interface and the upper surface become a bit rougher; this is demonstrated by a 170-nm-thick Mn 5 Ge 3 film grown onto Ge(111) in Fig. 1(b) . However, HRTEM images taken near the interface still reveal a high crystal quality [ Fig. 1(c) ]. X-ray-diffraction (XRD) scans (not shown here) display only the (0002) and (0004) reflections of the Mn 5 Ge 3 corresponding to the bulk parameters. No residual Mn can be detected, which means that all the deposited Mn has reacted to form a new single phase. Surprisingly, diffraction due to other phases was not observed in our measurements despite the fact that Mn 5 Ge 3 is not the most stable phase of Mn-Ge diagram. This peculiar behavior comes from similarities between the crystallographic symmetries of the Ge(111) substrate and the Mn 5 Ge 3 layer, which leads to the stabilization of the hexagonal structure; this occurs despite the 3.7% lattice mismatch to the detriment of the orthorhombic Mn 11 Ge 8 compound.
Another noteworthy point to discuss is the strain relaxation state: from the measurements of the distance between the RHEED streaks, the film appears totally relaxed even for layers as thin as 1 nm. 15 This result differs slightly from recent results where a partial strain in a 3.3-nm-thick Mn 5 Ge 3 film grown in similar conditions 18 has been detected. However, it is surprising that in both cases, no clear defects, which should be induced by the relaxation phenomenon, are visible in TEM images. After a systematic investigation of all the analyzed samples, only misfit point defects are observed (Ref. 15 ). However, threading dislocations are absent in our films. This behavior may be attributed to the high value of the elastic modulus of Mn 5 Ge 3 , which is 110 GPa compared to 77.2 GPa for Ge, allowing Mn 5 Ge 3 films to deform elastically on Ge.
B. Magnetic properties
A systematic study of the magnetic properties of Mn 5 Ge 3 has been carried out as a function of film thicknesses using a SQUID magnetometer. We measured the saturation magnetic moment normalized by the surface area and plotted this as a function of the film thickness, as shown in Fig. 2 . The expected linear behavior 19 is directly related to the intrinsic 035211-2 magnetization of Mn 5 Ge 3 that has been determined to be M = 1200 ± 150 emu/cm 3 . This value is very close to the bulk quoted value of 1070 emu/cm 3 obtained experimentally 20 and theoretically. 11 The extrapolation of the linear fit to zero magnetization gives a non-null thickness, which points to the presence of a ferromagnetically dead layer (FDL) of about 1.7 ± 0.3 nm, thus reducing the active magnetic volume. In the following part, the thicknesses used for the magnetization calculations (Figs. 3 and 5 ) correspond to the magnetically active volume of the Mn 5 Ge 3 film and are defined as the measured thicknesses deduced from the TEM images minus the FDL thickness. The presence of a dead layer could partly explain the very low magnetization in a recent study reporting magnetic properties of a 3.3-nm-thick Mn 5 Ge 3 film. 18 Other systems show similar behavior. [21] [22] [23] For example, in the Co/Ge(111) heterostructure, the critical thickness leading to the paramagnetic-ferromagnetic transition lies between 5 and 8Å. 24 Such a magnetic dead layer could result from various phenomena: interdiffusion and formation of an interfacial alloy that is generally not ferromagnetic, 21, 22, 25 interfacial roughness, 23 proximity of a nonmagnetic material, 26 and strain at the interface. 27 Here, the structural and magnetic analyses do not allow us to determine precisely the origin of the FDL. Further studies will be required to understand this phenomenon. However, the effect of the annealing temperature 25 and incorporation of doping elements at the interface may lead to solutions for decreasing the dead layer thickness.
Hysteresis (M-H ) loops measured with the magnetic field applied parallel and perpendicularly to the sample plane are displayed in Fig. 3 . Among all the measured samples, only results for 7-, 16-, 25-, 64-and 168-nm-thick films are shown because they resume very well the evolution of the magnetic properties. Insets represent a zoom around the positive saturation field of the out-of-plane configuration. Parallel and perpendicular configurations for thick samples lead apparently to similar magnetic reversal; this is surprising since we expect an easy magnetization axis along the c axis, which is perpendicular to the sample plane. Previous work 15 has already reported a similar trend, which suggests that the magnetization easy axis leaves the in-plane direction. However, no clear description of the magnetic behavior as a function of thickness has been proposed.
We observe a steady change in the magnetic behavior of in-plane M-H curves in Fig. 3 . For samples thinner than 10 nm, the hysteresis loop exhibits a square shape that unambiguously shows that the magnetization easy axis lies in-plane. For thicker samples, the M-H curves become increasingly canted as the saturation field increases with thickness but a hysteresis is still visible around zero field. In the out-ofplane configuration, at first sight, the hysteresis loops appear similar throughout the range of the studied thicknesses: little hysteresis is present and the saturation fields are higher than the ones observed in the parallel configuration. In Fig. 4 , we summarize the variation of the perpendicular saturation field as a function of the film thickness. Two regimes can clearly be distinguished: first, below thicknesses of about 20 nm, the perpendicular saturation field increases rapidly with the film thickness; second, above this thickness, it is independent of the film thickness and fluctuates around 10000 ± 1000 Oe. More importantly, the general shape of the hysteresis curves changes. Above a threshold thickness, a singularity in all the out-of-plane M-H curves appears around the saturation field as demonstrated in the inset of Fig. 3(c) of fields. As the field decreases, the two M-H branches return to a similar field dependence and this singularity disappears. This feature is not present in hysteresis loops of layers thinner than 10 nm where the magnetization rises linearly with the applied field and almost reversibly. In this latter case, the magnetostatic energy is the dominating term forcing the magnetization to lie in the sample plane in a monodomain structure. As the film thickness increases, the contribution of the magnetocrystalline energy grows. Since bulk Mn 5 Ge 3 exhibits uniaxial anisotropy along the c axis, 28 we expect a reorientation of the magnetization from the in-plane to the out-of-plane direction as it occurs in very similar systems: for example, in epitaxial (0001) hcp cobalt films grown on ruthenium, 16 magnetic domains with perpendicular anisotropy are formed above a critical thickness of 50 nm. The comparison between the shape of the magnetization curves for the two systems is striking and suggests the presence of a stripe domain structure in Mn 5 Ge 3 films at least thicker than 25 nm. The singularity in the magnetization curves in the perpendicular configuration can indeed be attributed to sudden nucleation of magnetic domains with opposite magnetization 29, 30 while the remanence in the in-plane magnetization curves originates from the magnetization reversal at the center of the wall. In the Mn 5 Ge 3 system, the magnetization reorientation from fully in plane to fully out of plane occurs therefore between 10 and 25 nm; as a matter of fact, the 16-nm-thick film depicts an intermediate regime with a slight opening of the M-H curve over a range of fields comprised between the two saturation fields. We emphasize that this critical value is much smaller than the predicted value for that material.
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C. Theoretical model
To fully explain the experimental results, we have developed a theory that can both predict the critical thickness and describe some characteristic features of the M-H curves above this value. Our model of stripe domains improves upon the model described by Kittel. 31 It includes a good description of the domain walls while taking into account the magnetostatic interaction between top and bottom surfaces (for more details see Ref. 32) . The magnetization in the domains is assumed to be constant and is equal to the saturation magnetization. In magnetic films with a stripe-domain structure, the size of oppositely magnetized domains is a basic parameter; therefore a period corresponds to two adjacent domains with their associated domain walls. The latter are assumed to be of Bloch type with a magnetization profile of cosinelike form. Such a description of the domain-wall profile has been already used by Yafet and Gyorgy in Ref. 33 . However, they can analyze the magnetostatic energy only for a thickness that is much smaller than the domain width. Our model is not limited to this restriction. The total energy of this new system can be written as
where
]. The first term of Eq. (1) represents the magnetostatic energy and has been calculated using the analogy with the electrostatic field for alternating (positive and negative) charged stripes. 34 d, δ, and t represent the half period, the wall width, and the thickness, respectively. The domain width can be simply deduced and is equal to d − δ. The magnetization in the inner domain is denoted by M 0 . The second term represents the exchange energy where A is the exchange constant while the last term corresponds to the magnetocrystalline energy wherein K is the uniaxial anisotropy constant. The cosinelike form of the wall gives a good approximation of the magnetization profile obtained by the variational method. Contrary to Kittel's model, 31 which neglects the domain wall in the magnetostatic energy, one can extract the in-plane remanent magnetization due to the wall. If a small magnetic field is applied in the film plane, the magnetic moment of each domain wall is parallel to the in-plane field direction with all moments pointing in the same sense. When the magnetic field tends to zero it is easy to calculate the remanent magnetization that corresponds to only the in-plane contribution of the domain wall. The cosinelike form of wall leads to the following expression:
To test if the stripe model picture can be applied to describe the experimental results of Mn 5 Ge 3 , we fitted the in-plane remanent magnetization. The magnetocrystalline constant (K) is extracted from experimental measurements 28 at 77 K and is extrapolated to 15 K; it equals to 4.3 × 10 6 erg/cm 3 . The exchange (A) and saturation magnetization (M 0 ) constants, however, are taken as adjustable parameters. The best fit is shown in Fig. 5 ; it gives an exchange constant equal to 1 × 10 −7 erg/cm, which is a reasonable value and a saturation magnetization equal to 1040 emu/cm 3 . The latter value agrees well with all experimental measurements. It has to be noted that the exchange constant is considerably smaller than in hcp Co, which also explains the smaller critical thickness in the present case.
The critical thickness for which the magnetization flips from the out-of-plane to the in-plane direction corresponds to the situation where the domain width tends towards zero and the total energy equals K. From the plot of the variation of the half period and the wall width as a function of the film thickness shown in the inset of Fig. 5 , it has been estimated to 8 nm. This is a lower bound of the critical thickness extracted from the magnetization curves (Fig. 3) but it is also confirmed by the theoretical analysis of the in-plane remanent magnetization. Below this value, the magnetic configuration is an in-plane monodomain structure whereas above it, a multidomain structure appears due to the high magnetocrystalline constant compared to the magnetostatic term. Interestingly, both critical thickness and minimum domain size are much smaller in Mn 5 Ge 3 than in any conventional uniaxial thin films. As it can be seen in the inset of Fig. 5 , the model predicts that the domain wall's width first decreases rapidly with the film thickness and from a thickness of about 20 nm the domain wall's size varies only slightly with the thickness. This trend is in good agreement with the evolution of the perpendicular saturation field (Fig. 4) , which synthesizes very well the overall behavior. Up to a thickness of about 20 nm, the in-plane contribution of the walls varies, resulting in an increase of the perpendicular saturation field. From this thickness, only the size of the domains changes and the perpendicular saturation field keeps constant. In comparison, a thickness of a few hundreds of nm is required in Co to saturate the perpendicular saturation field. 35 It is also worth noting that the minimum value of a half period in cobalt is four times higher than that in Mn 5 Ge 3 . Furthermore, this value increases more slowly with thickness in the case of Mn 5 Ge 3 . As a result, domain sizes in Mn 5 Ge 3 should be much smaller in Mn 5 Ge 3 than in any conventional uniaxial thin films and could be controlled by the film thickness, which could place Mn 5 Ge 3 as a potential candidate for new-generation data-storage devices.
IV. CONCLUSION
In this paper we use conventional magnetometric measurements to study the reorientation of the magnetization in thin Mn 5 Ge 3 films from in plane to out of plane. We have shown that this transition occurs for a film thickness lying between 10 and 25 nm. This result is strongly supported by theoretical calculations based on an improved version of Kittel's model, which is better suited to retranscribe the magnetic behavior of domains in uniaxial thin films. We point out that this critical thickness is much smaller in Mn 5 Ge 3 than in any conventional uniaxial thin film. From our calculations, the size of magnetic domains in Mn 5 Ge 3 may also be considerably smaller than the one in any other known magnetic system. Furthermore, these domains can be tailored by the film thickness. The characteristics described in this paper highlight the potential applicability of Mn 5 Ge 3 thin films, especially for the next generation of data-storage devices and the Si-Ge spin-based electronics.
